Abstract
Sweet potato pakkakuy virus (SPPV). We determined the complete genome sequence of 23
two SPPV isolates and show the ubiquitous presence of similar viruses in germplasm and 24 field material from around the globe. We show SPPV is not integrated into the 25 sweetpotato genome, occurs only at extremely low titers but is nevertheless efficiently 26 transmitted through seeds and cuttings. They are unaffected by virus elimination therapy 27 and lack any discernible symptoms in sweetpotatoes or indicator host plants. Name  origin  SPPV A  SPPV B  RT  RH Control  1 2 3  1 2 3 4   400171  Amarillo  BOLIVIA  ----+  +  +   440034  Mohc  BURUNDI  ----+ --+   440294  Totokoitu  COOK ISLANDS  ---+ -+ -+   400450  Bogotana  COLOMBIA  -+ -----+  +  +   440205  Unknown  CHINA  -+ ----- GUATAMALA  --------+  +   401104  Camote Naranja  GUATAMALA  -------+  +  +   401055  Camote Blanco  GUATAMALA  --+ +  +   400023  Colombia. 633  GUATAMALA  -------+   401152  Rojo  HONDURAS  ----+  +  +   401154  Unknown  HONDURAS  ------+  +  +   440283  BIS 50  INDONESIA  -+ +  + + -+  +   440214  BIS 99  INDONESIA  -------+   401169  Herbie  JAMAICA  ------+  +  +   440116  Gokoku-imo  JAPAN  --+  + + --+  +   440295  Seranggoon  MALASIA  -+  + +  +  +  +   401212  Regional de Tehuantepec  MEXICO  -------+  +  +   401215  Coleccion Tierra Blanca  MEXICO  ----+ 
SPPV can be graft transmitted to indicator plants 140
Grafting experiments from sweetpotato (cv 'Huachano' infected with SPPV-A and -B) to 141 sweetpotato (cvs 'Man Sai Deng' infected with SPPV-C and 'Amarilla' infected with 142 SPPV-D, but which were not infected by SPPV-A or B) and from sweetpotato to I. setosa 143 followed by PCR of the grafted plants resulted in positive reactions in some cases 144 (treatment 4, 5, 9 and 13 in Table 3 ) indicating that SPPVs could be transmitted through 145 this means although, apparently not with 100% efficiency, since in most cases only 146 SPPV-B was transmitted (treatment 4, 5 and 9 in Table 3 ), whereas neither virus was 147 transmitted to either sweetpotato cultivar when the source plant 'Huachano' was also 148 infected by SPFMV and SPCSV (treatment 10 & 13, Table 3 ). To ensure that the virus 149 detected in the graft inoculated I.setosa did not represent passively carried particles, the 150 PCR positive I.setosa plants were used to graft inoculate a second I.setosa, which 151 subsequently became PCR positive upon testing, except when the I.setosa was also 152 infected by SPFMV and SPCSV (treatment 6 & 7 respectively in Table 3 ). In none of the 153 cases were any visible symptoms discerned, except those of SPVD when the combination 154 of SPFMV + SPCSV was included in the treatment, which are extremely severe in 155 I.setosa. Cloning and sequencing of the PCR fragments from the serially inoculated 156 I.setosa plants, confirmed they were identical to the sequence in the originally grafted 157 plant in all cases. 158 159 
165

SPPVs are seed transmitted in sweetpotato 166
A previously generated in-vitro germinated population from a cross between the cultivars 167 Beauregard and Tanzania (19) which were both infected by SPPV (Table 2 & 4) were 168 tested by PCR for presence SPPV in the established in-vitro plants and 76 out of 76 tested 169 plants were found to be positive. PCR fragments were sequenced from 'Beauregard' (the 170 mother), as well as three progenies and those of the progeny were found to be >99% 171 identical to those found in Beauregard, and which corresponded to SPPV-B. In contrast 172 all seedlings (203 plants) tested negative by PCR for begomoviruses, which both parents 173 were also infected with, and also were PCR negative for SPFMV, sweet potato virus G 174 (SPVG) and sweet potato virus C (SPVC), which were infecting the parent 'Beauregard' 175 (Table 4) . Thus, SPPV was transmitted to seed at very high efficiency. 176 179 180
Viral titers of SPPV are less than one copy per cell 181
Southern or dot-blot experiments using SPPV-A or -B specific chemi-luminiscent or 182 radioactive probes consistently failed to detect either virus in several sweetpotato 183 accessions tested irrespective if the plant was healthy, or infected by SPCSV, SPFMV or 184 both viruses (data not shown). On the other hand sweetpotato DNA spiked with plasmid 185 DNA containing the SPPV-A or -B probe fragments at a concentration corresponding to 186 one or half a copy per sweetpotato genome were readily detected in Southern blot (Fig 3) , 187
indicating that the titers of these viruses must be well below these concentrations, and 188 simultaneously imply these viruses are not integrated into the genome. concentrations between different leaves on the same plant showed up to 6 fold 200 differences with the upper leaves tending to have higher titres (Fig 4) . On the other hand, 201 when comparing relative expression levels of virus infected plants to those of healthy 202 plants, a significant increase of around 2.5 fold could be identified only for SPPV-B in 203 plants infected with both SPCSV and SPFMV (Fig 4) . Mapping of siRNA sequences 204 determined from the three plants indicated that this correlated with increased siRNA 205 production corresponding to SPPV-B viruses in plants infected by SPFMV and SPCSV 206 as compared to other plants, mainly of 22 nt size, whereas 24 nt siRNAs were strongly 207 reduced. Whereas this effect could be appreciated also in SPPV-A, it was slightly less 208 extensively targeted by siRNAs than SPPV-B (Fig 5) . 209
210
Discussion
211
Badnaviruses in sweetpotato remain somewhat enigmatic. SPPV was initially identified 212 through siRNA sequencing from apparently healthy plants thought to be virus free (9), 213 and has since then been identified in several NGS (10, 12, 14) studies and by PCR using 214 specific primers based on the initial report (11, 13). Indeed, in this study we found that 215 every plant we tested eventually turned out PCR positive for SPPV when degenerate 216 primers were employed. However, results were not always consistent over time in all 217 plants, a plant could test positive for a leaf sample at one time and negative at others (data 218 not shown), suggesting low and unequally distributed concentrations in the plant. 219
Nevertheless, because some badnaviruses are known to exist as EPRVs and EPRVs are 220 also targeted by siRNAs through RNA silencing (16), it was important to confirm that 221 what we were detecting were not integrated sequences. Our Southern blot experiments in 222
Huachano unequivocally show that SPPV is not integrated in the genome of at least that 223 cultivar and that SPPV concentrations are so low that they cannot even be detected by 224 chemiluminescent hybridization. This conclusion was supported by qRT-PCR results 225
showing that expression of SPPV RNA was around a hundred fold lower than that of the 226 Actin reference gene (and a ~500 fold lower than COX reference). Sequence analysis of 227 some of the amplified fragments from plants originating from different parts of the world 228 showed considerable sequence variation between SPPV found in different genotypes, but 229 also that many genotypes were infected by more than one variant, just like we found in 230 cv. Huachano. This result suggests SPPV is an actively evolving virus. 
Materials and Methods
309
Plant material and viruses 310
Plant materials used are summarized in Table 1 . A total 78 accessions from the 311 worldwide sweetpotato collection (including five newly acquired accessions not yet 312 assigned accession numbers) and three related wild Ipomoea spp. at the Internationalpotato center (CIP) genebank were evaluated by PCR for presence of SPPV. They were 314 established and maintained in an insect-proof greenhouse at 27±1°C at CIP as a backup to 315 the in-vitro collection since their original acquisition. cv 'Huachano' used in this study 316 originated from in-vitro 'virus free' plants that had passed through thermotherapy and 317 meristem tip culture (9). A mapping population of a cross between cv Beauregard and 318
Tanzania was described previously (19). Plants of the universal sweetpotato virus 319 indicator I. setosa and one accession of I. tiliacea were grown from seed produced at CIP 320 virology unit. 321
322
Nucleic acid extractions 323
Total DNA from infected Ipomoea spp. leaves was extracted using the CTAB method 324 (26) . Leaf tissue (approximately 250-400mg) was ground to a fine power in liquid 325 nitrogen using a mortar and pestle, in the presence of 2ml of extraction buffer, followed 326 by an incubation period at 60°C for 30 min and addition of an equal volume of 327 chloroform: isoamyl alcohol (24:1). The homogenate was vigorously shaken at room 328 temperature for 10 min using a vortex and after centrifugation at 12000 g for 10 min, the 329 supernatant (~500ul) was recovered, mixed with same volume of Isopropanol and 330 centrifugated at 12000 g for 10 min. The precipitated DNA was washed with 70% 331 ethanol, dried, resuspended in 100 ul of Nucleases free water (NFW), and kept at -20°C 332 until analysis. 333
Total RNA was extracted using CTAB RNA method modified with LiCl (Adapted from 334 (27) ), from fresh leaves by grinding tissue with a hand roller, adding 10x (v/w) of CTAB 335 buffer followed by centrifugation in a microfuge at maximum speed for 5 min at room The qPCR primers were for actin, SPPV-A and -B (Table 1) 
Southern blots 388
A plasmid containing SPPV insert was used to synthesize non-radioactive probe using the 389 PCR DIG Probe Synthesis Kit (Roche) with the primers SPbadnaB 5704f and SPbadnaB 390 6262r (Table 1) is shown next to the branches based on 500 bootstrap replications when larger than 70%. 561
The ME tree was searched using the Close-Neighbor-Interchange (CNI) algorithm at a 562 search level of 1. The Neighbor-joining algorithm was used to generate the initial tree. 563
The analysis involved 2o nucleotide sequences. All ambiguous positions were removed 564 for each sequence pair. There were a total of 828 nt positions in the final dataset. 565
Evolutionary analyses were conducted in MEGA7 (28). Isolates are indicated by the 566 name of the variety from which they were amplified and the origin of the variety is 567 provided in brackets for each of them. BSMysV (Banana streak mysore virus) was used 568 as an outgroup for phylogenetic tree construction. 
